Abstract: Our knowledge on the dissolution and passivation mechanisms of chalcopyrite during bioleaching at low temperature has been limited to date. In this study, an Acidithiobacillus ferrivorans strain with high tolerance to heavy metals and UV radiation was used for chalcopyrite bioleaching. At 6 • C, no apparent precipitate was detected on the mineral surface after bioleaching using a scanning electron microscope (SEM). X-ray diffraction (XRD) revealed that the ore residue contained only chalcopyrite and quartz. X-ray photoelectron spectroscopy (XPS) analysis revealed that the content of S 0 on the mineral surface remained low and the ratio of SO 4 2− decreased from 46.7% to 20.9%, but the amount of S n 2− increased from 10.4% to 21.4% after bioleaching. Expression of five critical iron-and sulfur-oxidation genes during bioleaching was analyzed using quantitative real-time PCR. The gene rusA had higher expression in the mid-log phase than in the stationary phase but hdrA and cyoC1 showed an opposite trend. All genes had higher expression at 6 • C than at 28 • C, so as to compensate for the decline in the enzyme activities. The study revealed that polysulfide was the most plausible passivating substance at 6 • C, and the strain can maintain the iron-and sulfur-oxidation activities during low-temperature bioleaching.
Introduction
Bioleaching refers to using microorganisms to extract metals from ores and concentrates [1] and it offers an alternative to traditional pyrometallurgical methods for the extraction of valuable metals from sulfide minerals. Extensive studies have been performed on bioleaching on mesophilic, moderate thermophilic and extremely thermophilic conditions [2] [3] [4] [5] [6] [7] [8] . However, bioleaching of sulfide minerals at low temperature (<10 • C) was scarcely studied. Several reports revealed the feasibility of bioleaching at low temperature [9] [10] [11] [12] . It was found that the dissolution of minerals by microorganisms at 0 • C can reach 30% the maximal value at 21 • C [12] . It has also been shown that ferrous iron can be efficiently oxidized by an Acidithiobacillus ferrivorans strain during bioleaching of sulfide minerals at 4 • C [13] .
Acidithiobacillus ferrivorans is a cold-adapted acidophile which can grow at temperatures as low as 4 • C and it is able to grow using iron or sulfur as a sole energy source [14] . The iron and sulfur oxidation pathways of A. ferrivorans have been discussed previously [15, 16] . It has been inferred that A.
ferrivorans uses a nearly identical ferrous iron oxidation pathway as the mesophilic A. ferrooxidans for which rus, petI and coxBACD operons encode major proteins involved in iron oxidation and electron transfer [17] . A. ferrivorans has most of the genes encoding proteins involved in sulfur oxidation, such as the hdr cluster encoding heterodisulfide reductase and doxDA coding for thiosulfate quinone reductase [15] .
One of the topics of interest during chalcopyrite bioleaching is that some sulfur rich species would form on the mineral surface and hinder further leaching, which is called passivation. Stott et al. [18] found that a decrease in the dissolution rate of chalcopyrite was consistent with prominent precipitation of jarosite on the mineral surface and proposed that jarosite caused the passivation of chalcopyrite. Yang et al. [19] found that the metal-deficient polysulfide (S n 2− ) was slowly leached and proposed that polysulfide led to the passivation of chalcopyrite. A similar viewpoint was also provided by Ghahremaninezhad et al. [20] . To date, only one relevant study was performed on the passivation of chalcopyrite at low temperature. It was observed that elemental sulfur accumulated until metal dissolution stopped during chalcopyrite bioleaching at 6 • C and S 0 was considered as a passivating substance [16] . Despite this, the dissolution and passivation of chalcopyrite at low temperatures need to be further elucidated. The present work described the bioleaching of chalcopyrite by an Acidithiobacillus ferrivorans strain YL15. The strain was isolated from acid mine drainage in Tibet, China [21] . The physiological features of the strain were characterized. The passivation mechanism of chalcopyrite during bioleaching at low temperature and the expression of the critical iron-and sulfur-oxidation genes during bioleaching were analyzed. The present work would provide further insights into the dissolution and passivation of chalcopyrite and the metabolism of a cold-adapted acidophile during bioleaching.
Materials and Methods

Microorganisms
A. ferrivorans strain YL15 was isolated from acid mine drainage of Yulong copper mine using the FeTSB solid medium [22] . The growth temperature and pH range and autotrophic or organotrophic growth were tested as previously described [14] . Heavy metal resistance of strain YL15 was tested as described in previous work [23] . To test the UV radiation (UVR) tolerance, stain YL15 was cultured in ferrous iron liquid medium to the exponential phase. The cells were harvested by centrifugation, washed and resuspended with sterilized acidified water (pH 2.0). Aliquots were spread on FeTSB solid medium and the plates were exposed to UV (254 nm) at a distance of 30 cm for 2, 4, 6, 8, 10 and 12 min with the lids open. After that, the irradiated plates were cultured at 28 • C for 3 weeks. In order to avoid photorepair, the experiment was performed in a dark room and the plates were wrapped by tin foil paper. A. ferrooxidans ATCC 23270 T was tested as a control (except the cultivation temperature was 30 • C).
Mineral
Chalcopyrite was obtained from Guangzhou in Guangdong province, China. X-ray diffraction (XRD) analysis showed that the chalcopyrite sample was of high purity (consisted of 97.83% chalcopyrite and 2.17% quartz) and the main chemical elements were Cu (33.1%), Fe (28.7%), S (35.4%), Si (1.3%) and O (1.5%). Sample was ground and sieved, with fractional sizes <75 µm, and sterilized by UV irradiation for 24 h in an aseptic room.
Bioleaching Experiments
Bioleaching experiments were conducted in 500 mL shake flasks. Chalcopyrite (3% pulp density) and 250 mL iron-free 9K medium [24] were added into the flasks. Iron-grown cells at mid-logarithmic phase were centrifuged at 8000× g for 10 min to obtain the pellets. Then, the cell pellets were washed twice using sterilized acidified water (pH 2.0) and resuspended into the medium and adjusted to obtain an initial density of 2 × 10 7 cells/mL. Chalcopyrite was bioleached at 6 • C operated at 160 r/min (designated as A-6). For comparison, bioleaching at 28 • C was also performed (A-28). The experiments were carried out in triplicate. Sterile controls were carried out in duplicate (designated as B-6 and B-28, respectively). Deionized water was added to compensate for the water loss by evaporation. Conditions for all the experiments were shown in Table S1 .
Samples were collected at regular intervals to measure the pH, oxidation reduction potential (ORP), ion concentrations and cell density. The concentration of total soluble iron (tFe) in solution was determined by inductively coupled plasma optical emission spectrophotometer (Perkin Elmer, Norwalk, CT, USA). Ferrous iron and copper concentrations were assayed by phenanthroline and bisoxaldihydrazone spectrophotometric method [25, 26] , respectively. The pH value was measured with a pHS-3E acid meter (LEICI, Shanghai, China) and the ORP (vs. Ag/AgCl) value was measured with a platinum electrode as a reference. Cells were counted with a blood cell counting chamber under a CX31 optical microscope (Olympus, Tokyo, Japan).
Characterization of Ore Residues
Ore residues were withdrawn from the bioleaching solution, filtered, washed with pre-cooling ddH 2 XPS analysis was performed using ESCALAB 250XI (Thermo Scientific, Waltham, MA, USA). Spectra were recorded at a constant pass energy of 20 eV and 0.1 eV/step using Al Ka X-ray source. Peaks of S 2p were fitted using Avantage (Version 5.52, Thermo Scientific, Waltham, MA, USA). The Savitsky-Golay model and Smart method were used for line smoothing and obtaining the background of spectra, respectively. Binding energies were referred to the C 1s level at 284.8 eV. The binding energy (BE) and full width at half maximum (FWHM) of each sulfur species were referred to in previous documents [27] . Due to the spin-orbit splitting, the S 2p peaks occurred as doublets with S 2p 3/2 and S 2p 1/2 and the peak area ratio is 2:1 and 1.2 eV splitting for S 2p 3/2 and S 2p 1/2 . The ratio of each sulfur species was automatically calculated by Avantage 5.52 based on the area of each peak.
Quantification of Gene Expression during Bioleaching
Bioleaching solution was rapidly cooled as previously described [28] and centrifuged at 8000× g for 5 min at 4 • C to collect the cells. Then the total RNA was extracted using Total RNApure kit (Zoman, Beijing, China) as per the manufacturer's instructions. The quality of total extracted RNA was confirmed by 1% agarose gel electrophoresis and quantified using the NanoDrop ND-1000 Spectrophotometer. Trace genomic DNA was digested using gDNA Wiper kit (Zoman, Beijing, China). In order to confirm that trace genomic DNA has been removed, the genomic DNA of strain YL15 was extracted as described in another article [29] , and partial sequence of the 16S rRNA gene was amplified using primers 515F and 806R using the genomic DNA and the product of gDNA Wiper kit as templates, respectively. Positive and negative results were obtained when using the former and the later as templates, respectively. After that, the digestion product was retro-transcribed into cDNA with Reverse Transcriptase (Zoman, Beijing, China) and random primers. The cDNA was diluted by 10-fold and stored at −80 • C until use.
Expression of the critical iron-and sulfur-oxidation genes was determined during bioleaching by quantitative real-time PCR. Sequences of the selected genes (Table S2) were retrieved from NCBI Genbank and the specific primers (Table S2) were designed using Primer Premier 5.0 and Oligo 7.0. Conventional PCR was performed, and the PCR products were purified for sequencing to verify the accuracy of the primers and the sizes of PCR products. The PCR program was conducted at 95 • C for The specificity of the PCR primers was checked by examining the symmetry of melting curve and the lack of non-specific peaks [30] . The glyceraldehyde-3-phosphate dehydrogenase gene (gapdh) was used as a reference [21] . All tests were conducted in triplicate. Statistical analysis was performed using the Student's t-test in R (version 3.3.3, Statistics Department of the University of Auckland, Auckland, New Zealand).
Results and Discussion
Characterization of Strain YL15
Strain YL15 is similar to other described strains of A. ferrivorans in the growth at low temperature, utilization of inorganic and organic substances and tolerance to pH (Table S3 ). Strain YL15 can tolerate high concentrations of heavy metals ( Table 1 ). The strain was much more resistant to heavy metals than the previously described A. ferrivorans strains, which were reported to be inhibited by <50 mM Cu(II) (3.2 g/L) or <100 mM Fe(III) (5.6 g/L) [14] . Strain YL15 can tolerate a high dose of UVR. The upper limit exposure time (at which growth was observed on FeTSB plates) to UV for strain YL15 was 8 min, higher than the A. ferrooxidans type strain ATCC 23,270 (4 min). 
Bioleaching of Chalcopyrite by Strain YL15
During bioleaching of chalcopyrite, cell density began to increase after a lag phase at 6 • C and 28 • C (24 and 12 days, respectively) ( Figure 1a) . The pH decreased to 2.0 and 1.8 at 6 • C and 28 • C, respectively (Figure 1b) . At 6 • C and 28 • C, the cells entered the stationary phase after days 36 and 28, respectively. The stationary phase was long. This was because chalcopyrite is leached via the polysulfide pathway, during which time elemental sulfur is formed [31] and cells can grow using elemental sulfur as a main energy source.
The variation of copper during bioleaching was shown in Figure 2 . The slight increase in copper concentration in the early phase resulted from the proton attack on chalcopyrite, which was consistent with the rise in pH (Figure 1b) . Thereafter, copper concentration increased rapidly, and reached the highest level at 6 • C (1.02 g/L) on day 52 and 28 • C on day 40 (1.53 g/L), respectively. The highest copper concentration rate at 6 • C (10.3%) and 28 • C (15.4%) were much higher than those of the abiotic controls (2.9% at 6 • C and 3.2% at 28 • C), indicating that strain YL15 significantly accelerated the leaching of chalcopyrite. At 6 • C, the leaching rate was fast on days 20-32, meanwhile, the ORP value increased rapidly from about~330 mV to~580 mV (Figure 3a) . The sharp increase of ORP was due to the consumption of ferrous iron and the increase of ferric iron concentration ( Figure S1 and Figure 3b) . Comparatively, this process was shorter at 6 • C than at 28 • C. At 28 • C, dissolution of chalcopyrite was rapid on days 8-24, during which the ORP increased from 340-480 mV. This difference was mainly due to that at 6 • C, ferric iron oxidized chalcopyrite and regenerated ferrous iron slower than at 28 • C and that ferric iron scarcely formed precipitate at low temperature (see results of SEM and XRD). layer [19, 32, 33] . SEM and XRD have been used to detect the formation of jarosite and confirmed jarosite passivation during bioleaching [18] . To find out whether jarosite caused the passivation of the mineral surface at 6 • C, the surface of chalcopyrite before and after bioleaching was tested first using SEM. It was shown no apparent precipitate was observed on the mineral surface at 6 • C compared to a large amount of precipitate formed at 28 • C (Figure 4) . The ore residues after bioleaching were analyzed by XRD. The result showed that no jarosite was detected on the mineral surface at 6 • C compared to 20.3% jarosite of the total mass at 28 • C ( Figure 5 ). Therefore, data of SEM and XRD could not confirm the jarosite passivation at 6 • C. To further unravel the passivation species at 6 • C, the sulfur species on the surface of chalcopyrite before and after bioleaching was analyzed using XPS. The S 2p peaks of chalcopyrite sample of before leaching and after bioleaching for 26 days were fitted. Elemental sulfur (S 0 ), monosulfide (S 2− ), disulfide (S 2 2− ), polysulfide (S n 2− ) and sulfate (SO 4 2− ) were detected ( Figure 6 ) and the BE and FWHM of each species are shown in Table 2 . Figure 6 . The S 2p spectra of chalcopyrite surface before (a) and after bioleaching (b) at 6 • C. The ratio of each species was calculated based on the area of its peak and shown in Table 3 . Among the detected sulfur species, elemental sulfur (S 0 ), polysulfide (S n 2− ) or jarosite (represented by SO 4 2− ) have been reported to be the main component of a passivation layer [19, 32, 33] . In the present study, the content of S 0 on the mineral surface was low in both the initial ore sample and the ore residue on day 26. It was assumed that the produced S 0 can be eliminated by sulfur-oxidizing microorganisms at low temperature. This was confirmed by the results of expression of sulfur-oxidation genes (see below). Therefore, elemental sulfur was not the main component of passivation layer during bioleaching at 6 • C. The content of SO 4 2− (jarosite) on the mineral surface was 46.7% in the initial sample, but decreased to 20.9% after bioleaching. This indicated that jarosite can be removed or eliminated at 6 • C and that it did not play a major role in the passivation of chalcopyrite. On the other hand, the ratio of polysulfide on the mineral surface was low in the initial ore sample, but increased to 21.4% after bioleaching. Therefore, polysulfide was the most plausible passivation substance during bioleaching at 6 • C. 
Expression of Critical Iron-and Sulfur-Oxidation Associated Genes during Bioleaching
Expression of iron-and sulfur-oxidation related genes was monitored at different time points during bioleaching using quantitative real-time PCR. For iron-oxidation related genes, rusA and cycA1 were selected, and for sulfur-oxidation genes, hdrA, cyoC1 and doxDA were selected (Table S2) . Samples were withdrawn during the mid-log (day 32 at 6 • C and day 25 at 28 • C) and stationary phases (days 45 and 60 at 6 • C and days 35, 45 at 28 • C). Expression of rusA was higher than that of other genes, especially during the mid-log phase, but after that a decline in the expression level was observed. Expression of cycA1 was steady at 6 • C but higher during the mid-log than stationary phase at 28 • C (Figure 7) . The result revealed the importance of rusA as a central hub in the iron-oxidation pathway and that iron oxidation was more prominent in the mid-log phase, which was consistent with the rapid rise in the concentration of ferric iron. Ferric iron is the main oxidant that attack chalcopyrite, therefore, the copper release was rapid in this phase. On the other hand, expression of hdrA and cyoC1 did not decreased after the mid-log phase, instead, it increased in the stationary phase (Figure 7) , which was in accordance with cells mainly using sulfur as an energy source during this phase, and pH kept decreasing after the log phase (Figure 1b) . The gene doxDA encodes the thiosulfate quinone oxidoreductase, which catalyzes thiosulfate to tetrathionate. The expression of doxDA was low due chalcopyrite being oxidized via the polysulfide pathway, during which thiosulfate in not the main intermediate product [31] . In order to reveal the difference in iron-and sulfur-oxidation activities during bioleaching at low and mesophilic temperatures, gene expression in mid-log phase at 6 • C and 28 • C was compared. All of the five genes had higher expression at 6 • C than at 28 • C (Table S4 ). In particular, expression of rusA was up-regulated by 9.59 folds at 6 • C (p < 0.05). This indicated that the strain can increase its gene expression level to compensate for the decline in the enzyme activities at low temperature, so as to maintain the iron and sulfur-oxidation activities.
Conclusions
An A. ferrivorans strain YL15 was characterized and used in chalcopyrite bioleaching. The strain can tolerate elevated concentration of heavy metals and a high dose of UVR. During bioleaching at 6 • C, polysulfide rather than jarosite would be mainly responsible for passivation of the mineral surface. Expression of iron-and sulfur-oxidation genes indicated a switch from iron to sulfur oxidation from log to stationary phase and that copper extraction was rapid when iron oxidation activity was high. The up-regulation of the genes suggested the maintenance of iron-and sulfur-oxidation activities in a low-temperature bioleaching system.
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